It has been reported that the development of catalase (EC 1. ll. 1.6) activity by several microorganisms is strongly influenced by their growth environments, in particular by the presence or absence of oxygen and glucose (1) (2) (3) (4) (5) . In Saccharomyces cerevisiae, the catalase level of anaerobically grown cells was remarkably low in comparison with that of aerobically grown cells, and the level could be increased by the aeration of anaerobic cells (6) (7) (8) (9) . Glucose repression of catalase synthesis has also been reported in S. cerevisiae by several investigators (3, 9, 10) . CROSS and Ruls (9) reported that two catalases of S. cerevisiae, catalase A and T, were sensitive to glucose repression, and that the absence of glucose from the medium was required for catalase synthesis. In a methanol- utilizing yeast, Kloeckera sp., glucose strongly inhibited the catalase induction by methanol, but cyclic 3',5'-adenosine monophosphate (cyclic AMP) could not eliminate the inhibitory effect of glucose (11) . However, there are few reports concerning the effect of cyclic AMP on glucose repression of catalase synthesis in S. cerevisiae.
In the course of the studies on the development of catalase in S. cerevisiae grown aerobically with glucose, we observed that catalase synthesis occurred rapidly by the aerobic incubation under non-multiplication of cells, when glucose was removed from the incubation mixture.
In the present study, we attempted to examine whether glucose could have any inhibitory effect on the catalase synthesis, and whether the inhibition by glucose could be overcome by the addition of cyclic AMP in S. cerevisiae.
Since catalase is a specific marker enzyme in the microbody (12, 13), we also attempted to detect the microbody by the cytochemical method, and to investigate the relationship between the appearance of microbodies and the catalase level in S. cerevisiae.
MATERIALS AND METHODS
Organism and culture conditions. The yeast used in this study, Saccharomyces cerevisiae isolated from baker's . yeast, was kindly supplied by Professor Hino, Hiroshima University. The organism was aerobically cultured in the medium containing 10 g yeast extract, 20 g polypeptone, and 20 g glucose in 1,000 ml of distilled water (pH 6.0); when indicated, the glucose concentration was changed. Cells were grown in 100 ml of medium in a 500-ml culture flask aerated on a reciprocating shaker operating at 120 strokes per min with an amplitude of 4 cm at 30° for 18 hr. Cells were collected by centrifugation, washed twice with 20 mM phosphate buffer (pH 7.0), and resuspended in the same buffer.
Incubation of cells grown with glucose. Glucose-grown cells were resuspended in 10 ml of 20 mM phosphate buffer (pH 7.0) containing 2 % yeast extract. The suspension was shaken aerobically on a reciprocating shaker at 30°. When indicated, the suspension was bubbled with nitrogen gas during the incubation. The cell density before the incubation was about 3 x 108 cells/ml; at this concentration, cell multiplication was negligible during incubation.
Preparation of cell free extract. Cells were sonicated for 2 min below 4° by a Branson Sonifier W 200P, and cell-free extract was obtained as supernatant after centrifugation at 10,000 x g for 10 min. The protein content of cell-free extract was determined by the biuret method with bovine serum albumin as a standard.
Measurement of catalase activity. The catalase activity of the cell-free extract was determined spectrophotometrically by the method of BERGMEYER (14) . The assay mixture contained phosphate buffer (50 mM, pH 7.0), H202 (14 mM), and an appropriate amount of cell-free extract, in a total volume of 3 ml. Measurement of cell yield and glucose content of ' medium. Cell yield was followed by measuring the optical density of the sample at 660 nm. Glucose content of the medium after culture was determined by the method of Nelson.
Electrophoresis. Catalases were separated by polyacrylamide gel electrophoresis; 5 % polyacrylamide gels were used according to the method of DAvis (15), but without stacking gels. Electrophoresis was carried out for 3 hr in a cold room (1.5 mA/gel). Gels were specifically stained for catalase activity according to WOODBURY et al. (16) , and scanned at 620 nm with a Digital Densitorol DMU-33C (Toyo).
Electron microscopy. For the cytochemical demonstration of catalase, cells were fixed in 5 % glutaraldehyde in 50 mM cacodylate buffer (pH 7.4) for 2 hr in the cold, and washed several times with cold water. The fixed cells were incubated with 2,7-fluorenediamine (2,7-FDA) for 60 min at 30° according to OUKAWA (17) . The reaction mixture was as follows: 6 mg of 2,7-FDA, 0.06; H2O2, and an appropriate amount of the fixed cells in 10 ml of 0.1 M glycine buffer (pH 11.0). After the 2,7-FDA treatment, the cells were washed several times with cold water, and were post-fixed in 2 % OsO4 overnight at 4°. As a cytochemical control, an aliquot of cells was similarly treated, but without 2,7-FDA. The cells thus treated were dehydrated with a graded series of ethanol and embedded in an Epon 812 mixture.
Sections were cut with a Porter-Blum MT-1 ultramicrotome and all sections were examined under a JEM-100 C electron microscope (Japan Electron Optics Laboratory) operated at 100 kV without post-staining.
RESULTS
Effect of glucose on the development of catalase activity during aerobic growth of s. cerevisiae Table 1 shows the catalase activities and cell yields of S. cerevisiae grown in culture media with different glucose concentrations. In these cultures, the cell yields and the residual glucose contents after 18 hr growth depended on the initial concentration of glucose in the medium. Contrary to an increase of cell yields, the development of catalase activity was repressed with an increase of glucose concentration in the medium. Catalase activity of cells grown with 3 % glucose was about 1/4 that of cells grown with 0.5 % glucose (Table 1) .
Catalase induction in S. cerevisiae
The catalase activity of cells grown aerobically with 2 % glucose increased when the cells were incubated aerobically with yeast extract under non-multiplication of cells. Figure 1 shows the time course of catalase induction of the cells. The level of catalase activity reached a maximum with 3 hr incubation and the activity increased about 4 times over that of the original cells. This increase of catalase activity was completely inhibited by cycloheximide and not by chloramphenicol (Table 2) . Furthermore, as shown in Table 3 , the catalase activity of the glucosegrown cells did not increase under anaerobic conditions. It is known that the yeast, S. cerevisiae, contains two catalases, catalase A and T (9). We also detected two catalases in S. cerevisiae, similar to catalase A and T, by electrophoretic analysis as described by SusANI et al. (18) . As shown in Fig. 2 , Table 3 . Effect of nitrogen-gas on catalase induction of S. cerevisiae. the content of catalase A was almost the same as that of catalase T in the glucosegrown cells, but increased with the increase of the level of catalase by the abovementioned incubation.
Effect of glucose on catalase induction in S. cerevisiae As shown in Fig. 1 , the catalase level increased in the glucose-grown cells by the incubation. However, this increase was diminished by the addition of glucose to the incubation mixture (Fig. 3) . When glucose was added to make a concentration of 5 % or higher in the mixture, the catalase induction was nearly completely repressed. This repression of catalase induction was not removed by the addition of 5 mM or 10 mM cyclic AMP (Table 4) .
Cytochemical detection of catalase in S. cerevisiae
The cytochemical localization of catalase was demonstrated ultracytochemically with 2,7-FDA according to OHKAWA (17), as described in MATERIALS AND METHODS. Microbody-like granules and vacuoles were specifically stained by 2,7-FDA in the glucose-grown cells (Fig. 4b) . The electron density of the vacuoles was not high and microbody-like granules were not prominent in the cells incubated without 2,7-FDA (Fig. 4a) . Microbody-like granules and vacuoles were also spe- fically stained by 2,7-FDA in the cells whose catalase level was increased by the above-mentioned incubation (Fig. 4c ). The increase of catalase level, however, was not closely reflected in the appearance of microbody-like granules or vacuoles.
DISCUSSION
In this investigation, catalase activity was measured in S. cerevisiae grown aerobically with different glucose concentrations for 18 hr. The development of catalase activities of the cells was repressed with the increase of glucose concentration. It is reported that catalase A and T have been detected in S. cerevisiae, and that the development of catalase A is strongly repressed by glucose as compared with that of catalase T (9,10). CROSS and Ruis (9) reported that when S. cerevisiae cells were cultured with glucose, the activity of catalase A differing from that of catalase T was not detectable in the cells tested at the point of disappearance of glucose, although the activities of both catalases in the cells increased by the following culture. We observed two catalases, A and T, however, in the glucose-grown cells by electrophoretic analysis, in spite of the presence of about 0.1 % glucose in the culture medium. In addition, the level of catalase A in the cells was almost the same as that of catalase T. When the glucose-grown cells were aerobically incubated with yeast extract under non-multiplication of cells for 3 hr, the catalase activity of the cells increased about 4 times over that of the original cells, and this increase of activity was completely inhibited by cycloheximide. The catalase A level detected electrophoretically also increased with an increase of catalase activity by the incubation. From these results, it is suggested that the catalase induction by the incubation may be caused by the biosynthesis of catalase A, but not by catalase T.
YASUHARA et al. (I1) reported in a methanol-utilizing yeast, Kloeckera sp., that catalase induction by methanol was inhibited strongly by glucose, and cyclic AMP (1 mM) could not eliminate the effect of glucose. Similar results were obtained in our studies that the repressible effect of glucose on the catalase induction could not be eliminated by cyclic AMP (5 mM or 10 mM), although it remains to be solved whether or not cyclic AMP was incorporated in the cells under our experimental conditions.
The localization of catalase in microbodies was reported for several genera of yeasts (19) (20) (21) . FuKUI et al. (22) and OsuMI et al. (23, 24) reported that the catalase level in methanol-and hydrocarbon-utilizing yeast cells was closely related to the appearance of microbodies in their cytoplasm. Although microbodies in S. cerevisiae were first demonstrated by AVERS and co-workers (25, 26) , detailed studies on the appearance of microbodies have seldom been reported in the cells. We detected ultracytochemically that microbody-like granules in the glucose-grown cells were specifically stained by 2,7-FDA, but did not observe that the increase of catalase level in the cells was closely related to the appearance of the granules. In our cytochemical results, specific staining in the vacuoles also seemed to indicate the Biosynthesis in S. cerevisiae 217 presence of Catalase there. SUSANI et al. (18) reported that one of two catalases, catalase A, was specifically associated with the vacuoles of S. cerevisiae. We need, however, further investigation on the subcellular distribution of catalase concerning the increase of catalase level. Studies along this line are in progress in our laboratory.
